
RESEARCH MEMORANDUM 

A TRANSONIC W-IND-TUNTEL INVESTIGATION O F  TI33 LONGITUDINAL 

FORCE AND MOMENT CHAMCTE-NSTICS O F  A PLfihI AND A 

CAMBERED 3-PZRCENT-TEICR DELTA WING O F  ASPZCT 

RATTO 3 ON A SLENDER BODY 

By Dale L. Burrows and Wil l iam E. Palmer 

Langley Aeronauticd Laboratory 
i .  



U 

u 

I 

FORCE AND MOMEM! CI€ARACTERISTICS OF A IlL4NE AND A 

RATIO 3 ON R SLEJ!TDER EQDY 

By Dale I,. Surrovs and Williem E. Palmer 

Various investigations heve indicated t'ie usefuhess  of some form 
of  leading-edge  droop on thin,  sk-ept-wing desigm  in  re&ucing dreg due 
t o  lift; notEbly,  the droop k s  usually  mounted t o  some conbination  of 
c a b e r  and twist. I n  t'ne present   hvest igat ion,  the e f fec ts  of leading- 
edge cmber  without twist were determined on an aspect-rztio-3  delta wing 
of tniclmess  ratio 3 i n  combin&tion with e body having an ogive  nose  and 
a cylindrical  afterbody. The iavestigation covered .a Mech  number range 
from 0.67 t o  1.38 and the Reynolds numbers were about 5.5 x 106 up t o  rn 
angle of e t tack  of 120 and about 2.7 x 106 at  a g l e s  of a t tack from loo 
t o  200. 

Drsg of t ie  cambered wing at l i f t ing   condi t ions  w a s  reduced over 
tha t  of the plene wing with the   r e su l t  that z ~ ~ i ? u n  l i f t -d rag   r a t io s  
were increased  about 5 percent  over the rmge of 3kch numbers f ron 0.76 
to 1.2. This improvement due to   caber   db in ished   apprec iab ly  at higher 
biach nmbers. The l i f t -curve  s lope  for   the cambered u i rg  WZS e ssent ia l ly  
the   sme as that   for   the  plane wing throughout the test  rmge of bkch 
nmbers. The leading-edge caber  considerably  reduced  the  large  vari- 
etioos  in  longitudinal  stability  experienced by the plane wing at  l i f t  
coefficients of &bout 0.5 at  high  subsonic hkch nmbers. 

iITI9ODUCTION 

%e reduction of drag on th in  swept wings st l i f t ing   condi t ions  and 
at trznsonic  speeds  wo-td  appear t o  involve  the  solution of two problems. 
F i r s t ,  i n   o rde r   t o  minimize the &rag resul t ing from indizced flows, Jones 
has sha.m that the l i f t  should be distributed  over  the  surface  such that 
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the spanwise and chordwise load   d i s t r ibu t ions   z re   e l l ip t ica l   ( re f .  1). 
Second, the  surface-pressure  distribution  over t’ne leeding edge should 
be f r ee  of press-me gracients suf f ic ien t ly   s teep   to  cause boundary-layer 
separation and,  hence, loss of lezding-edge  suction. At l i f t i n g  condi- 
t ions,  both of these  requirements imply the  use of camber and t w i s t  t o  
obtaic  overall  drag reduction even though  cne zero-lif t   drag may be 
increesed. A wing vhich m s  cambered and twisted  conically  over the 
outboard  twenty  percent of the loce l  semispan i n  such a w a y  as t o  give 
near ly   an  e l l ipt ical  span-load dis t r ibut ion produced some drag improve- 
ments at l i f t i n g  conditions and a t  high subsonic Mach nmbers as sklokm 
in  reference 2. -Another case of c a b e r  and twist in   the form of a 
constant-chord  leading-edge droop was found to   give comparable drag 
reductions a t  high subsonic  speeds (ref. 3 ) .  

The purpose of the  present  investigation was t o  determine whether 
leading-edge c a b e r  (without twist) on a de l ta  wing would produce drag 
improvements a t  l i f t ing  condi t ions over the  drag of t h e   f l e t  wing at 
transocic  speeds. The wing contour has obtained by drooping  the  leading 
25 percent of the chord of a l l  streamvise a i r fo i l   sec t ions .  Tne inves- 
t igation  consisted of experimentzl measurements of the l i f t ,  drag, and 
pitching moment on the canbered wing and a f la t  wing of s a e  plan 
form. The wfngs had delta p l m  forms, had an aspect   ra t io  of 3.0, and 
were 3 percent  thick. The tests xere made at Mach numbers from 0.67 
t o  1.38 and the Reynolds numbers, based on the mew- aerodynamic chord, 
xere  ebout 5.5 x 106 up t o  zn angle of attack of 12O and about 2.7 x 106 
at ar-gles of a t teck from loo t o  20°. 

SYMSOLS 

drag coefficient,  Drag 
qs 

‘Do zero-lif t   drag  coefficient,  Drag 
qs 

CL 

cm 

l i f t  coefficient., - Lir” t 
@ 

pitching-moment coefficient,  

L/D l i f t -d rag   r a t io  

(L/D),, maximum value of l i f t -d rag   r a t io  

Pitching moment zbout E / &  
qSE 

. 

. 
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E 

C 

K 

aspect  ratio 

total wing span 

wing  mean aerodymmic chord, 5 ,Lb% iiy 

-dng chord at m y  value or" y 
CD - cDo 

coefficient of drag  due to lift, 
CL2 

average free-strem &ch  number at moael  location 

loczl free-strem Mach  number et model  locstion 

static  .pressure  inside  open  base of' model 

free-stream  stetic  pressure 

free-stream  absolute stag~~tion pressure 

Ypb? free-strean dynmic pressure, - 2 

rztio of speciric  heats, 1.40 for  air 

free-strean  Reynolds  number  based on E 

total  wing  =re& 

snanwise  distance from m d  n o m 1  to  nodel  center  line 

mgle of  =%tack of the fuselege center  line,  deg 

The  tests  were  conducted  in the Langley  transonic blom3crm t-me1 
which has a slotted  octagonal  test  section  and  exhausts to E'xaOSphere 
rYcn total  stagnztior?  sressures that can  be  adfusted  to  values es high 

blowdokx  tunnel. At z stawtion pressure  of 70 Po- ids  per  square  inch 
absolute,  the  tunnel  running  time is ~bollzt 20 seconds. k c h  numbers up 

. as 72 sounds per sqmre inch  .zbsolute.  Dried  air  is  -used  to  operate  the 

t - 
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t o  approximately 1.b can 5e attained end, a t  a  given Mach number, the 
Reynolds nuIpser can be varied from approximetely 8 X 106 Fer foot, of 
chord t o  2k x 10 5 per  foot of chord by varying  the  stagnztior?  pressure 
from 25 po-mds per  square  inch  absolute  to 70 pounds per  square  inch 
absolute. The Xach n-mber distribution  along tkzt par t  of the  tunnel 
center  l ine where the model was located i s  shown in   f i gu re  1. The 
angle-of-attack  niechmisn m s  such a s   t o  keep the model central ly  
located  in  the  tunnel tkroizghout t'se angle-of-attack  rmge. 

Details of the models a re  shown in   f igure  2. The wings were mde  
of so l id   s tee l  mci had k?O sueepback of the quarter-chord  line, a zero 
taper   ra t io ,  m d  an  aspect  ratio 3. The uncmbered wing had NACA 65.4003 
airfoi l   sect ions  paral le l   to   the  plane of symnetry a d  the canbered wing 
he.d the same thichess  ordinztes  distributed  about a mean l i n e  having 
tvo-thirds the ordinates of NACA 230 m e w  l ine  (see  table  I). The 
resultant  design l i f t  coefficient ks?s 0.2 and t h e   a i r f o i l  i s  designated 
N X A  5 5 A 2 0 3  (230 modified). 'The vings were nounted with zero  incidence 
and zero  dihedral on the boiiy. 

The body wit? a f ineness   ra t io  of 9.63 m s  a hollow s t e e l   s h e l l  
having  an  ogive  nose 3.5 diameters  in  length and a  cylindrical  afterbody. 
Housed TFithin the b&y was a three-component electrical   strain-gage  bal-  
ance' wkich vas attached  to a sting  for  support  of the model. Tne s t ing  . 
was of constant  dimeter for 1.75 body d i a e t e r e  back or" the  base of the 
model after whic'n it diverged a t  a cor?e angle of 9.7O ( f ig .  2 ) .  TMO 
tubes for  measwing  base Dressures vere  attached  to  the  sides of the 
s t ing  m d  extended into  the open annulus a t  the model base.  Photographs 
or" the  model a re  shown ES figure 3. 

- 

Tests 

The investigation covered 2. !kch number range frox 0.67 to 1.30 et 
angles of attack from Oo t o  12O f o r  a stagnation  pressure of' 70 pounds 
per  square  inch  absolute and a t  loo t o  20° for  a pressure of 35 pounds 
per square inch  absolute. For a blach nunber of 1.38, data were obtained 
a t  a Dresswe of 50 pounds per  sqmre  inch  absolute UL, to  angle of 
a t tack of 12O. These l ini ts  of angle of a t tack and stagnation pressure 
vere  dictated by the  balance  load limits. Body-alone data were obtained 
a t  angles of a t tack up t o  Go. The Reyxolds numbers based on c' for the  
various  stagnetion  pressures  are shown in   f i gu re  4. For a l l  t e s t s ,   t he  
surface of the model vas i n  EL szooth  condition. Shock ref lect ion from 
the tunnel w a l l  intersected  the model a t  Kach numbers betxeen  about 1.04 
and 1.10; carry-over  effects  thrsugh the boundery l aye r   my  extend t h i s  
range t o  .= slightly  higher hkck nmber. Tais condition m y  introduce 

. - 
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cppreciable  tunnel  effects on the  force end moment data m-d, therefore, 
such data  are not  presented  for  this Mech nmber  range. 

- 
Meesurements and Acc-aracy 

Noml-force,  chord-force, pitching-Illonent, aad bzse-pressure data 
were recorded  sixultvleously on film. The chord-force  coefficieat, which 
included the pressure  force on the model base, was adjusted  to s, condi- 
t ion  of base pressure  equal  to  free-stream  stz-lic  pressure. N o m l -  and 
chord-force  coefficients were converted to l i f t  an6 drag  coefficients by 
the usuzl netlnods. On the basis of the balmce  sensLtivity,   scstter of 
test  goints, end repeatabi l i ty  or" &%a, at low angles of z t tack  t'ne esti- 
mated accuracy of l i f t ,  drag, end pitching-mnent  coefficients is fO .02, 
20.001, a d  90.003, respectively. Mach numbers shorn  with  the &=%a ere 
accurate t o  about f O . 0 1 .  

Corrections 

Reference 4 shows that, for  slotted  tunnels,  -,&ere t h e   r a t i o  or" model 
s ize  t o  tes t -sect ion  s ize  is zbout  equal t o  t he t  or" the  ?resent  investi- 
gation, the jet-boundary effects are negligible;  therefore, no such cor- 
rection  has been made -to the k t a .  Angle of attzck  vas  corrected  for 
s-iicg  deflection  resulting f r m  aerodynzrnic loa&. 

An investigation xes nade of t he   s t e t i c   e l a s t i c  bending and twisting 

for   the mxinuzn load cmdi t ion  (M = 1.30, Ps = 70 pounds per  square  inch 
absolute) ,   aeroelast ic i ty  produced a decrease in   l i f t -curve   s lope  on the 
order of 2 percent and e forwad  shift,  in  aerodynwic-center  posi-lion of 
about 0.01C. In   the data presented, however, no correction  for  aero- 
e l a s t i c i t y  has been applied. 

1 OF the :lane  wing under s h u l a t e d  maxb-m load.  Results  indicated  that, 

- 

PRESENT4TiON O F  RESULTS 

Tne results of this  investig&tion ere presented  in  the following 
figures : 

Figure 

'b - '0 agEinst M . . . . . . . . . . . . . . . . . . . . . . . .  5 
CL, CD, and C, against a f o r  body alone . . . . . . . . . .  6 
CL, CD, and Cm against M for  body alone . . . . . . . . . .  7 
CL agzinst a for  plane wing . . . . . . . . . . . . . . . . .  8 (a) 
CL against a f o r  czmbered wing . . . . . . . . . . . . . . . .  8(b) 

9 

c 

(dCLld4CL=o ageinst W for  both wings . . . . . . . . . . . .  9 
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CD against CL for   p lme  v ing  . . . . . . . . . . . . . . . . .  10(a) 
CD against CL for  cambered  wing . . . . . . . . . . . . . . .  10(b) 
CD against M for  both  vings . . . . . . . . . . . . . . . . .  11 
L/D against CL for both  vings . . . . . . . . . . . . . . . .  12 
(L/D),=, and C h p t  against !J! for  botn wings . . . . . . . . .  13 
Cm against CL for  plane wir-g . . . . . . . . . . . . . . . . .  14(a) 
CI*, egainst CL fo r  cambered ving . . . . . . . . . . . . . . .  14(b) 
Cm egainst M fo r  bot'n wings . . . . . . . . . . . . . . . . .  13 
(dCm/dCL)CT-O against M for  both wings . . . . . . . . . . . .  16 

2- 

DISCUSSION 

Base Pressures and Body Characteristics 

The increment in  base-pressure  coefficient between body-alone and 
King-body cobina t ions   ( f ig .  5 )  i s  about  the same as tha t  shown in 
references 5 end 6 and indicetes that the  effect  i s  re la t ive ly  independ- 
ent  of  wing plan forrr.  Figure 5 shows also that there i s  no aFpreciab3-e 
difference between the base pressares  for  the f la t  wing and those  for 
the cambered ving  investigated. The lz rge   i r regules i t ies   in   the   var i -  
e t ion of base-pressure  coeificient  with Mach nmber t h a t  occurred a t  
low supersonic  speeds  are due to  the  wall-reflected shock waves mentioned 
previously. 

The l i f t ,  drag, and pitching-nment  characterist ics of the body 
alone  (fig. 6) are  essentially  the sme as fo r  body "C" of reference 5;  
this lnrould be expected  because of the  s imilar i ty  of body shpes.   Figure 7 
shoxs l i t t l e   v a r i a t i o n  of l i f t  and pitching-xoment coefficients w i t h  Yach 
nwfoer for  aagles oi at tack up t o  60. 

Wing-Body Combinations 

L i f t  characterist ics.-  A s  shown in  f igure 8, the plane and t h e   c ~ n -  
bered wings exhibit  generally similar l i f t  characteristics  except f o r  a 
rrjog" i n  tine variation of l i f t  Coefficient  with  angle of at tack a t  a mch 
nmber of 0.96 and a l i f t  coefficient of about 0.7 that occurs  only  for 
the plzne wing. As shorm in  f igure 9, the  values of (dCL/da)CI,=O are 
essent ia l ly   the sane for  the  cabereft  wing es for  the  plane wwg over 
the  t e s t  YIch nmber  range. The method of reference 7 has  been used t o  
determine the  theoretical   l if t-curve  sloges of the wing-body conbinetion. 
This method req?Jired  Iring-alone lift-curve  slopes  vhich were obtained 
rron The theories of DeYoung (ref .  8) and Brcwn (ref. g), respectively, 
for the sQbsonic and supersonic speed renge.  3xserimentel  velues of 
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l if t-curve  slope  are as rruch as I 2  percent lower thzn  those  given by 
theory a d  the  variation  with Mach cm5er a t  Mech nuubers ne= unity i s  - milch l e s s  pronounced thzn  thet  given by theory. 

Drzg character is t ics . -  Basic  drzg  data ere plotted  against  CL i n  
figures 10 (E)  md 10(b).  Figure 11 shows thet  values of 6reg coeff ic ient  
=e generzlly  slightly  higher  for  the cambered  wing  t'nan for the  plane 
wing a t  k c h  nm3ers  grezter  th&n 0.85 and lift coefficients of 0.0 
znd 0.1. At l i f t  coefficients  greater  thzn 0.2, the k e g  coefffcieot i s  
lover fo r  the  canbered wing a t  e l l  tes t   fkch   nubers .  A t  zero l i f t  the 
rise in drag  coerficient  through  the  transonic h c h  number renge w a s  
about 0.007 for  both wing-body coznbinations. 

Velues of (L/D)max and C b p t  taken from figure 12 =e presented 
in   f igure  13 and show an increase in (L/D),, due t o  camber of apgroxi- 
mately 5 perceot zt Mach n-abers up t o  &bout 1.20. This benefit  due t o  
camber V E S  essent ia l ly  l o s t  a t  a hkch number of 1.38. From E. comparison 
of th i s   benef i t  wi-iln- the  20-percent i x r e a s e  a t  subsozzic speeds and the 
10-percent  increase a t  low supersonic  speeds  resulting from the  coniczl 
camber  and twist of reference 2, it vould seen that  the  leading-edge 
camber reported  herein WES fnfferior t o   t he   con ica l   cabe r   md  twist; a 
d i r ec t  congarison of the  tvo types of del ta  wings, however, is not Jus- 
t i f i ed ,  inasnmch as the  espect   ra t io  w a s  2 for   the  conical   cmher  end 
twisted wing BE conGmed with en espect   rz t io  of 3 f o r  the leading-edge 
cmbered wing. The =&dual  reduction in  effectiveness of canber  aloEe 

erence 2 vhich  indicates  that  the  beneffts of camber arld twist ere con- 
siderebly  reduced when the comFoEent of free-stream Mach n-aber  perpen- 

conclusion seems reasonable Then one considers  that  the  leadh-g-edge 
suction  in  both  cases  rapidly  disapyears as t l e  Pkch cone qproaches  the 
leadir-g edge. 

- with  increasing -%ch  number i s  i n  agreement with  the  conclusioc of re f -  

- ' dicular t o  the  ving  leading edge  becoxes approxirmtely 0.7. Tris 

The theoretical   values of (L/D)n2x shown in   f igure  13 were obtained 
for   the   f la t   v ing  vi-lcout  considerEtion of  body efr'ects  eccording t o  the 
expression &,/x vhere C D ~  values were taken from plsne-wing data. 

For t h e   f u l l  leeding-edge  suction  case, K was taken as at subsonic 

speeds and a t  supersonic  speeds  the method of  refere-n-ce 9 w2s used. For 
zero  leading-edge  suction,  the  value of K has taken as 

2 KCDO 
1 

rtA 

1 

57-J(=" / cL=o 

where values 01" - 
p lme  wing. In  general,  the measured values of (L/D),, fel l  between 

. ?du 'dcL) cL=o were theoretical   vdues  obtaized  for  the - 
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the  theoret ical  linits a s  would be  emected; however, the  closer agproach 
t o   f u l l  leading-edge  suction a t  the  higher Mach numbers i s  contrary  to 
the  usud essumgtion of zero  leading-edge  suction 8s  the Mach cone 
apDroaches the  leading edge. 

?itching-noment character is t ics . -  A break  occurs  in  the  curve of 
Cm against CL for   the  plvle  wing ( f ig .  14(a)) a t  a l i f t  coefficient 
of 0.5 aEd a Ylch number of 0.76. As the Yach nmber is  increased 
t o  0.96, t h i s  change in   longi tudina l   s tab i l i ty  becoaes more severe and 
OCCUTS et, a higher lift coefficient.  No such break is present et super- 
sonic Mach numbers. There is sone indication that the  flow on  t'ne plane 
wing may be d f e c t e d  by Reynolds nmber . (See the Curve f o r  M = 0.96 ) 
Figure  14(b) shows t h a t  for  the cambered wing the s t a b i l i t y  break is  
e l imimted   a t  a l l  lhch numbers except ne= 0.s where the break is  much 
less  severe  than for the  plcne  ving. 

Tae  camber groduced a clxmge in pitching-noment  coefTicient at zero 
l i f t  xhich i s  smll but   in  a d i rec t ion   to   requi re  more elevator  deflec- 
t ion   for  trim (f ig .  1 4 ( b ) ) ;  this effect  comes about  because the chord 
l i n e  -n'as d i n e d  with the  fuselage.  In  general,  for  higher lifts, values 
of C, are more negative  for  the cambered  wing a t  l i f t  coefficients up 
t o  0.6 ( f ig .  15); this r e su l t  does not seem unlikely when it is consid- 
ered that the separation on the plane-wing leading edge i s  small as 
evidenced by f a i r l y  high leading-edge  suction i n  which case  the usual 
e f l ec t  oP cvnber is t o  produce a rearvard shift in   cen ter  of pressure. 
A t  l i f t  coefficients of 0.2 t o  0.6, figure 15 shows that 2n abrupt 
increase  in  negetive pitching-moment coefficient  (reanmrd movement i n  
center of pressure)  occurs fo r  both wings a t  a Mach number of about 0.93. 
Although the   to ta l   increase   in  moment coefficient  with Ekch  number fs 
about the sane for  the t:iO wings, the change w i t h  Yach  number i s  more 
gradud for the cmbered wing than for  the  glane wing. 

It i s  seen frm figure 16 that  there i s  no appreciable  difference 
between the  aerodynanic-center  locations (dCddCL at zero lift) for   the  
t x o  ;rings.  Subsonically, C, varies almost l inear ly  with CL only up 
to l i f t  coefficients of 0.4 t o  0.5. Wends with Mach  number agree with 
theory,  but  theoretical  values of the  aerodynmic  center  are on the  order 
of 0.025c' reerward of the  experimentel  vslues. For determination of the 
theoretical   values of aerodynmic  cen+,er  for  the wing-body combination, 
the method of  reference 7 has been  used. T'his method required ",e wing- 
elone  lift-carve  slopes, T.rl.,ich were obtaioed from references 8 and 9, 
and "ne wing-alone centers of pressure,  vhich were obtained from 
reference 10. 
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Tests at transonic s-l;eeds of 3-percent-thick,  aspect-ratio-3, delta- 
wing-fuselzge  configurations both with and without  leading-edge  canber 
resulted in the  following corzclusl 1 ons : 

1. Tnis t n e  of camber produced an increase  in  naxinm l i f t -drag  
r a t i o  of about 5 Fercect  for Mach nznzbers from 0.76 t o  1.20. The benefi t  
8iminished at Mach nmbers of 1.20 t o  1.38. 

2. The cmbered wing had lower dreg  coefficients at values of l i f t  
coefficient greater than about 0.2 et a l l  Mach =umbers tested.  

3 .  Drag-coefficient rtse khrough the t rmsonic  speed  range for  both 
wing-fuselege  combinations et zero l i T t  was about 0.007. 

4. The l i f t -curve  s lope  for  the cmbered w h g  was essent ia l ly   the 
same as tkt for  the  plane wing through  the bkch nmber  renge  tested. 

5. Tne longi tudina l   s ta t ic   s tab i l i ty  at zero l i f k  was e s s e n t i d l y  
the   sme  f o r  both plarle and cambered wings throu&out the &ch  number 
range. 

6 .  Irregulzrities i n  the longi tudinel   s t&bil i ty  of t he   phne  wing 
a t  moderate l i f t  coefficients md  high subsonic  speeds were essent ia l ly  
eliminated by the  use of the leading-edge cmber  investigeted. - 

- 
Langley Aeroneutical  Leboratory, 

Netional Advisory Committee for  Aeronmtics, 
Lengley Field, VEL., August 12, 194. 
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Figure 1.- Longitudiml free-stream Mach number d i s t r ibu t ion  a t  the loca- 
t i on  of t h e  model f o r  Ye-reral average Mach numbers. 
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Figure 2. - Details ol' the wing-body configurations. A l l  dimensions are 
in inches. 



(a) Dox-mream view. 

. Figure 3 . -  Photographs of model. 
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(b) Plan view of the model on the st ing.  

Figure 3.  - Concluded. 
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Figure 5.- Varietion of bese-pressure  coefficient with Mach nunber for 
each configuration tested. 
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(a) Plane wing. 

Figure 8.- The variatj on of lift coeff ic ient  with angle of a t t ack  at 
various Mach numbers. 
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(b) Cambered  wing. 

Figure 8. - Concluded. 
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Figure 9.- Variation of lift-curve slope 8% zero  lift with Mach number. 
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(a) Plane wing. 

Figme 10.- VEriZtion of drag  coefficient with lift  coefficient et various 
Mach numbers. 
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l i f t  coe::icient. CL 

(b) Cadsered wing. 

Figure 10. - Concluded. 
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Figure 11.- Variation of drag coefficient -vrith Mzch number at various 
values of lift  coe2ficient. 
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Figure 12. - The variation of lift-drag  ratio with lift coefficient at 
various Mach numbers. 
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(a) Plane wing. 

Figure 1.4.- Variation of lift coefficient  with pitching-moment coefficient 
at various Mach numbers. 
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(a) Cambered wing. 

Figure 14. - Concluded. 
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Figure 15 .- VariaLion of pitching-moment coefficient with Mach  number 
at various lift coerficients. 
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Figure 16.- Variation o f  pitching-moment-curve slope with Mach number. 
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